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Abstract 
 
Single defect centers in diamond have been generated via nitrogen implantation. The defects 
have been investigated by single defect center fluorescence microscopy. Optical and EPR 
spectra unambiguously show that the produced defect is the nitrogen-vacancy colour center. 
An analysis of the nitrogen flux together with a determination of the number of nitrogen-
vacancy centers yields that on average two 2 MeV nitrogen atoms need to be implanted per 
defect center.  
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Implantation of impurities for controlled doping of semiconductors is a routine 
technique nowadays. The increasing requirements on precision doping in nanoelectronics, 
however have lead to a number of technical affords in highly spatial resolved doping even of 
single impurities. Also novel techniques, like solid-state quantum information processing 
require the implantation of single dopant atoms into solids with high precision5. Recently, for 
example, substantial progress in the deposition of single phosphorous atoms into silicon has 
been made15. Here we report on the implantation of nitrogen ions into diamond to generate 
nitrogen-vacancy defect centers. Individual NV defect centers can be detected optically such 
that the successful implantation is verified easily3.  
The nitrogen vacancy defect in diamond consists out of a substitutional nitrogen atom 
with a next nearest neighbour vacancy. The defect is characterized by a strong optical 
absorption around 1.945 eV (637nm) and intense fluorescence2. The NV center has been well 
characterized by various spectroscopic techniques. The 637nm absorption is attributed to the 
negatively charged form of the defect center12. The six-electron model gives rise to a spin 
triplet ground state (3A) and a first excited triplet state (3E)9. Electron spin resonance 
experiments show a strong spin polarization upon optical illumination8. The fine structure 
parameters were measured to be D = 2.88 GHz and E = 0 GHz, showing that the NV center 
spin wavefunction is axially symmetric and mostly localized at the defect site itself14. 
Measurements of the hyperfine coupling support this picture. 70% of the spin density is 
localized at the three unpaired carbon atoms while the residual spin density is mostly 
restricted to the second coordination shell of carbon atoms. Previously the NV defect has been 
produced in nitrogen rich (type 1b) diamond by electron or neutron irradiation. In this 
procedure vacancies are created. Subsequent annealing at 600°C results in vacancy diffusion 
such that eventually stable NV centers (up to 2000 °C) are formed. This method has also been 
used to generate defect centers with high spatial accuracy by using a focussed beam of Ga 
ions to produce vacancies10.  
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In contrast, the present approach generates NV centers by nitrogen implantation into 
very pure type IIa diamond (nitrogen content <0.1ppm)4. Fig. 1 shows a series of images 
where nitrogen vacancy defects have been generated by implanting nitrogen in such a way. A 
beam of 2 MeV N+ ions with diameter 0.3µm has been imaged on the sample. The N+ beam is 
produced by the dynamitron tandem accelerator in Bochum (DTL) and focused using a high-
energy ion projector equipped with a 15 T superconducting solenoid lens 11. The regular 
pattern of implantation sites visible in Fig. 1 has been generated by stepwise raster scanning 
the beam over the sample. For the low dose implantation the ion beam current is reduced 
down to a few ions/ sec controlled by a silicon barrier surface detector. Yet, the setup 
presently does not allow a controlled implantation of the single ions. For the low dose 
implantation, there is thus a certain spread of number of ions per spot, which is defined by 
Poisson distribution of ions.       
 STRIM calculations suggest that the ions should be implanted 1 µm below the 
surface. The lateral straggling is expected to be 0.5µm. Both values are in agreement with our 
experimental findings.  For each implantation spot optical emission spectra have been taken to 
investigate the nature of the defects created. The optical emission spectra in Fig. 1b show that 
after nitrogen implantation and prior to annealing mostly neutral vacancies (GR1 emission) 
are formed. After annealing the GR1 emission is converted into a fluorescence emission 
spectrum characteristic for the NV colour center. In schemes where NV centers are created 
via production of vacancies, the calculation of the conversion efficiency, i.e. number of 
electrons versus NV centers produced relies on the knowledge of nitrogen present in the 
material. For most materials, especially with low nitrogen content this is a not accurately 
known quantity. In contrast, in the present approach the conversion efficiency, i.e. the number 
of implanted nitrogen versus NV centers created can be reliably estimated. For this the 
number of implanted nitrogen atoms is determined from the nitrogen flux and implantation 
time (see e.g. Fig. 1). The number of the NV centers produced can be determined either via 
 4
the fluorescence intensity per spot or via analysis of the photon counting statistics. In Fig. 2a, 
similar to Fig. 1, a regular pattern of NV centers has been generated by nitrogen implantation. 
However, a much lower flux has been chosen such that at some implantation spots no NV 
center has been generated. We estimate that on average two nitrogen atoms are implanted per 
spot. To determine the number of NV centers per spot, the photon statistics of the spot 
emission is evaluated. For this, the normalized second-order autocorrelation function 
( )
2
2
)(
)()(
)(
tI
tItI
g
ττ +⋅=   was measured. The measured traces, see Fig. 2b have been corrected 
for background according to reference1. In cases where the emission stems from a single NV 
center  should drop to zero for τ = 0. This phenomenon is commonly called 
antibunching and basically describes the fact that a single quantum system can only emit one 
photon at a time. Since  measures the conditional probability to find a second photon 
after at time τ if the first one has been emitted at time zero, 
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( ) )(2 τg  is expected to drop to zero 
for very small τ for a single quantum system. In general, if N defect centers are optically 
excited, the autocorrelation function is given by7: 
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Here C1, , τ1 and τ2 are parameters which depend  on internal relaxation rates of defect 
and on excitation intensity, and C2 = –1- C1. For most of the spots shown in Fig. 3  ( ) )0(2g  
indeed reaches values close to zero. For other spots the contrast is only 0.5 indicating the 
emission of two independent emitters. In few cases even a lower contrast, like 0.3 is found 
which points towards three defects per spot. Most of the points in Fig. 2a show photons 
emission behaviour, which is characteristic for a single NV center. Hence we conclude from 
the measurements that for 2 MeV implantation of nitrogen in diamond and subsequent 
annealing at 850 °C on average two nitrogen ions need to be implanted to generate a single 
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colour center. Final prove that the defect centers generated are NV colour centers comes from 
optically detected magnetic resonance (ODMR). In this technique the fluorescence of the 
defect is observed while microwaves are scanned in the appropriate frequency range to induce 
magnetic dipole transitions between ground state spin sublevels. Fig. 3 shows the respective 
spectrum. The spin Hamiltonian used to simulate the spectrum is ⎥⎦
⎤⎢⎣
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3
IIPIˆASˆSˆDSˆH
2
2
z , 
where A is the hyperfine and D the fine structure tensor. P is the quadrupole coupling 
constant. For the spectrum in Fig. 3, D is found to be 2880 MHz exactly as expected for the 
NV center. In addition the triplet line structure is attributed to hyperfine coupling of the 
electron spin to the 14N nuclear spin (I=1) with hyperfine parameters A⊥ = 2.1 MHz and A|| = 
2.3 MHz. The quadrupolar coupling constant is found to be P = -5.04 MHz. The values are in 
close agreement with literature values13 and we thus conclude that the fluorescence emission 
stems form a single NV center. 
 In summary we have demonstrated the generation of single NV colour centers via 
nitrogen implantation into diamond, which has a very low “natural” abundance of nitrogen. 
For 2 MeV implantation, on average two nitrogen ions need to be implanted to generate a 
single NV center. In future an improved positioning accuracy might allow for a spatially 
controlled implantation of defect centers. Because of the long dephasing times6 usually 
measured for the defect center, quite small couplings might be detectable. For example a 
dephasing time of 0.06 ms will allow to spectrally resolve a coupling for two defect centers 
which are separated by 5nm.  
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Figure captions 
 
Fig. 1 (a) Three different areas of a diamond sample implanted with different amounts of 
nitrogen. The pattern was generated by imaging a 2 MeV nitrogen beam with a beam diameter 
of 300nm on the diamond surface. The number of nitrogen ions implanted per spot is marked 
in the upper right corner. (b),(c) Fluorescence emission of a single spot before and after 
annealing.  
 
Fig. 2.  (a) Low-dose implantation pattern of nitrogen. Parameters are identical to Fig. 1 but 
average implantation dose is two nitrogen atoms per spot. (b) Normalized fluorescence 
intensity autocorrelation function of different spots from Fig. 2. The curves have been 
corrected for background contributions.  
 
Fig. 3. Optically detected electron spin resonance spectrum of a single NV center. The smooth 
curve is a simulation of the spectrum by using the spin Hamilton operator H described in the 
text. Inset shows energy level scheme of the triplet ground state of NV defect. 
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Figure 2 (a)
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Figure 2(b)  
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Figure 3 
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